As the climate changes during the 21st century, larger cyclonic storm surges and growing populations may collide in disasters of unprecedented size. As conditions worsen, variations in coastal morphology will magnify the effects in some areas, while largely insulating others. In this paper, we explore the implications for 84 developing countries and 577 of their cyclone-vulnerable coastal cities with populations greater than 100,000. Combining the most recent scientific and demographic information, we estimate the future impact of climate change on storm surges that will strike coastal populations, economies and ecosystems. We focus on the distribution of heightened impacts, because we believe that greater knowledge of their probable variation will be useful for local and national planners, as well as international donors. Our results suggest gross inequality in the heightened impact of future disasters, with the most severe effects limited to a small number of countries and a small cluster of large cities.
Introduction
Large tropical cyclones create storm surges that can strike crowded coastal regions with devastating force.
1 During the past 200 years, 2.6 million people may have drowned during surge events (Nicholls 2003) . These disasters have continued to inflict heavy losses on the people of developing countries. Cyclone Sidr struck Bangladesh in November 2007, killing over 3,000 people, injuring over 50,000, damaging or destroying over 1.5 million homes, and affecting the livelihoods of over 7 million people (UN 2007; BDMIC 2007) . Cyclone Nargis struck Myanmar's Irrawaddy delta in May 2008, creating the worst natural disaster in the country's recorded history. It killed over 80,000
people and affected the livelihoods of over 7 million (UN 2009) .
The scientific evidence indicates that climate change will intensify storm surges for two reasons. First, they will be elevated by a rising sea level as thermal expansion and ice cap melting continue. The most recent evidence suggests that sea-level rise could reach 1 meter or more during this century (Dasgupta, et al. 2009; Rahmstorf 2007 ).
Second, a warmer ocean is likely to intensify cyclone activity and heighten storm surges.
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As storm surges increase, they will create more damaging flood conditions in coastal zones and adjoining low-lying areas. The destructive impact will generally be greater when the surges are accompanied by strong winds and large onshore waves.
Larger storm surges threaten greater future destruction because they will move further inland, threatening larger areas than in the past. In addition, both natural increase and internal migration are increasing the populations of coastal areas in many developing 1 Storm surge refers to the temporary increase, at a particular locality, in the height of the sea due to extreme meteorological conditions: low atmospheric pressure and/or strong winds (IPCC AR4 2007) . 2 A sea-surface temperature of 28 o C is considered an important threshold for the development of major hurricanes of categories 3, 4 and 5 (Michaels et al 2005; Knutson and Tuleya 2004). 2 countries. Table 1 shows that coastal population shares increased in all developing regions from 1980 to 2000. Population growth is particularly strong in coastal urban areas, whose growth also reflects continued rural-urban migration in many developing countries.
During the 21 st century, rising storm surges and growing populations threaten to collide in disasters of unprecedented size. And, as average effects increase, variations in coastal morphology may magnify the effects in some areas, while largely insulating others. In this paper, we explore the implications for 84 developing countries, along with 577 of their cyclone-vulnerable coastal cities with populations greater than 100,000.
Combining the most recent scientific and demographic information, we estimate the future impact of climate change on storm surges that will strike coastal populations, economies and ecosystems. We focus on the distribution of heightened impacts, because we believe that greater knowledge of their probable variation will be useful for local and national planners, as well as international donors. In addition, we believe that realistic projections of the scale of these disasters will inform the current debate about the appropriate timing and strength of carbon emissions mitigation.
The remainder of the paper is organized as follows. Section 2 reviews recent scientific evidence on global warming and tropical cyclone intensity, and motivates the paper. Section 3 describes our research strategy and data sources, while Section 4 describes our methodology. In Sections 5 and 6, we present our results for countries and coastal cities. Section 7 summarizes and concludes the paper.
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Global Warming, Tropical Cyclone Intensity and Disaster Preparedness
Some recent scientific studies suggest that observed increases in the frequency and intensity of tropical cyclones in the last 35 years can be attributed in part to global climate change (Emanuel 2005; Webster et al. 2005; Bengtsson et al. 2006) . Others have challenged this conclusion, citing problems with data reliability, regional variability, and appropriate measurement of sea-surface temperature and other climate variables (e.g., Landsea et al. 2006 temperatures. In addition, it notes that hurricanes/cyclones are occurring in places where they have never been observed before. 3 Overall, using a range of model projections, the report asserts a probability greater than 66% that continued sea-surface warming will lead to tropical cyclones that are more intense, with higher peak wind speeds and heavier precipitation (IPCC 2007; see also Woodworth and Blackman 2004; Woth et al. 2006; and Emanuel et al. 2008) . 
Research Strategy and Data Sources
Previous research on storm-surge impacts has been confined to relatively limited sets of impacts 5 and locations. 6 In this paper, we broaden the assessment to 84 coastal countries and 577 coastal cities in five developing regions. 7 We consider the potential impact of a storm surge that is large (1 in 100 years) by contemporary standards, and then compare it with a more intense impact later in the century. In modeling future conditions, we take account of sea-level rise, geological uplift and subsidence along the world's coastlines. Our analysis includes exposure indicators for affected territory, population, economic activity (GDP), agricultural lands, wetlands, major cities and other urban areas. As far as we know, this is the first such exercise for developing countries.
and in the upper atmosphere. If global warming increases temperatures at the earth's surface but not the upper atmosphere, it is likely to produce tropical cyclones with more power (Emmanuel et al. 2008 ). 5 Nicholls et al. (2008) assess the impacts of climate extremes on port cities of the world. 6 The impacts of storm surges have been assessed for Copenhagen (Hallegatte et al. 2008 ); Southern Australia (McInnes et al. 2008) ; and the Irish Sea (Wang et al. 2008 At the outset, we acknowledge several limitations in the analysis. First, we do not assess the relative likelihoods of alternative storm surge scenarios. We follow Nicholls, et al. (2007) in assuming an homogeneous future increase of 10% in extreme water levels during tropical storms. In all likelihood increases will vary across regions, and better area-specific modeling will be needed to improve regional forecasts. 8 Second, among the 84 developing countries included in this analysis, we restrict our study to coastal segments where historical storm surges have been documented. Third, the absence of a global database on shoreline protection prevents us from incorporating the effects of existing protection measures (e.g., sea dikes) on exposure estimates. Fourth, we have not been able to include small island states because the best available satellite system cannot accurately measure ground elevation over small areas. 8 As noted by Emanuel et al. (2008) . 9 Our SRTM data source is described on page 8.
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In our country-level study, we assess the impacts of storm surges using existing populations, socioeconomic conditions and patterns of land use, rather than attempting to predict their future states. This approach is conservative, since human activity is generally increasing more rapidly in coastal areas (Table 1) . On the other hand, we do not attempt to estimate the countervailing effects of local adaptation measures related to infrastructure (e.g., coastal embankments) and coastal-zone management (e.g., land-use planning, regulations, relocation). Our city-level study goes further by incorporating the UN's medium-term population projections for the 21 st century. This enables us to provide better comparative estimates of potential impacts across cities within countries, as well as across countries.
Methodology
Our analysis involves a multi-step procedure. First, we employ a base hydrologically-conditioned elevation data set to identify inundation zones and subject them to alternative storm-surge (wave height) scenarios. Second, we construct a country surface for each vulnerability indicator (population, GDP, urban extent, agricultural extent, 10 wetlands, major cities). Third, we overlay these indicator surfaces with the inundation zone layer. Then we determine the spatial exposure of each vulnerability indicator under storm-surge conditions. More detailed descriptions of these steps are as follows.
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(i) For elevation, we use a recently-released hydrologically-conditioned version of SRTM data, part of the HydroSHEDS dataset. We have downloaded all 5ºx5º coastal tiles of 90m SRTM data from http://gisdata.usgs.net/Website/HydroSHEDS/viewer.php.
In this case, conditioning the SRTM data involves steps that alter elevation values to produce a surface that drains to the coast (except in cases of known internal drainages).
These steps include filtering, lowering of stream courses and adjacent pixels, and carving out barriers to stream flow.
(ii) In the calculation of storm surges (wave heights or extreme sea levels), we follow the method outlined by Nicholls (2008) , where storm surges are calculated as follows:
Current storm surge = S100 Future storm surge = S100 + SLR + (UPLIFT * 100 yr ) / 1000 + SUB + S100 * x where: S100 = 1-in-100-year surge height (m) SLR = sea-level rise (1 m) 11 UPLIFT = continental uplift/subsidence in mm/yr SUB = 0.5 m (applies to deltas only) x = 0.1, or increase of 10%, applied only in coastal areas currently prone to cyclones/hurricanes.
We calculate surges using data associated with the coastlines.
We extract vector coastline masks from SRTM version 2, and download coastline information from the DIVA GIS database. We use the following attributes in this analysis:
1. S100: 1-in-100-year surge height, based on tidal levels, barometric pressures, wind speeds, seabed slopes and storm surge levels from monitoring stations; 2. DELTAID: coastline segments associated with river deltas; 3. UPLIFT: estimates of continental uplift/subsidence in mm/yr from Peltier (2000), including a measure of natural subsidence (2 mm/yr) for deltas.
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(iii) We compare surges (wave heights) associated with current and future storms with the elevation values of inland pixels with respect to a coastline, to delineate potential inundation areas.
Each inland pixel could be associated with the nearest coastline segment in a straight-line distance. However, in order to better capture the movement of water inland, we use hydrological drainage basins. We apply the wave height calculated for the coastline segment closest to the basin outlet to inland areas within that basin.
As a wave moves inland its height is diminished. The rate of decay depends largely on terrain and surface features, as well as factors specific to the storm generating the wave. In a case study on storm surges, Nicholls (2006) (2007), we delineate low-elevation coastal zones using inland pixels with less than 10m elevation near coastlines.
Our processing uses 5º x 5º tiles, employing aml (ArcInfo Macro Language) for automation.
We should note that our estimates are conservative because they do not take future shoreline erosion into account. As we noted previously, the absence of a global database on shoreline protection has prevented us from modeling likely changes in shorelines 9 associated with a 1m sea-level rise. Even a 1m rise in sea level will change shorelines considerably in many coastal segments, if shorelines are not protected (Dasgupta et al. 2009 ). We present illustrative cases for Bangladesh and Viet Nam in Figure 2 . Coastal morphology will change with receding shorelines, and potential inundation areas for storm surges will be determined by the characteristics of the changed coastlines. To improve coastal security, future research and adaptation planning should consider such likely shoreline changes.
(v) Calculating exposure indicators: We overlay our delineated inundation zones with our indicators for land area, GDP, population, urban extent, agriculture extent, wetlands and locations of cities with more than 100,000 inhabitants in 2000. 12 We have collected exposure surface data from various public sources. Our horizontal datum is the
World Geodetic System 1984 (WGS 1984). For area calculation, we create grids
representing cell areas in square kilometers at different resolutions, using length of a degree of latitude and longitude at cell center.
Employing the appropriate units (e.g. GDP in millions of dollars, individuals for population), we calculate total exposure by summing over exposed units in inundation zones. We measure exposure for land surface, urban extent, agriculture extent and wetlands in square kilometers.
(vi) Adjusting absolute exposure indicators: For exposure indicators such as land area, population and GDP, which have measured country coastal zone totals available, we adjust the exposed value using the following formula:
12 The delineated surge zones and coastal zones are at a resolution of 3 arc seconds (approximately 90 m). The resolution of indicator datasets ranges from 9 arc seconds to 30 arc seconds. Because of this difference in resolution, a surge zone area may occupy only a portion of a single cell in an indicator dataset. In this case, the surge zone is allocated to the appropriate proportion of the indicator cell value. where V adj = Adjusted exposed value; V cal = Exposed value calculated from exposure grid surfaces; CT mea = Country coastal zone total obtained from statistics; CT cal = Country coastal zone total calculated from exposure grid surface.
Country Results
We summarize our results for 84 developing countries in Table 3 We also estimate exposures for individual countries and territories. and Ghana account for more than 50% of the GDP generated in their coastal regions.
Finally, nearly 100% of the coastal wetlands in El Salvador and more than 60% of the wetlands in Namibia, Ecuador, Tunisia, Guinea, Yemen and Pakistan will be subject to inundation risk. For the majority of indicators used in this research, we observe the most consistently-severe exposure risks for El Salvador, Yemen, Djibouti, Mozambique and Togo.
City Results

Coastal Area Vulnerability
In this section we consider two measures of coastal urban exposure. The first, summarized in Table 5 , lists cities in each developing region whose coastal areas will be most affected by future increases in storm surges. We calculate vulnerability in three steps. First, we rank cities in each region by percent increase in the future inundation area relative to the current inundation area. To weight for current vulnerability, we rank cities in each region by percent of coastal area in the current inundation zone. Then we compute the average for the two ranks and re-order the cities by their average ranks. Table 5 includes the 10 highest-ranking cities in each region, using future inundation increase weighted by current vulnerability. To illustrate, Nacala, Mozambique has the highest future vulnerability in Sub-Saharan Africa. In the 21 st century, 25% of its coastal area will be added to its inundation zone (Pct 2). This is a 50% increase in its current inundation zone, which is already 50% of its coastal area (Pct 1). Using the same calculations, we identify the top-ranked cities in the other four regions as Rach Gia, Viet Nam; Georgetown, Guyana; Kenitra, Morocco; and Cox's Bazar, Bangladesh. These cities join the other top-10 cities as potentially-deadly locales, since storm water drainage infrastructure is often outdated and inadequate in low-income urban centers. 13 The risks may be particularly severe in poor neighborhoods and slums, where infrastructure is often nonexistent or poorly designed and ill-maintained. Within regions, exposures are clearly far from balanced across countries. In each region, at least half of the top-10 cities are in only two countries: Mozambique (3) and Cote d'Ivoire (2) in Sub-Saharan Africa;
13 For port cities vulnerable to storm surges, see Nicholls et al. (2007) .
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Indonesia (3) and Viet Nam (3) in East Asia ; Brazil (3) and Mexico (2) in Latin America; Morocco (4) and Tunisia (3) in the Middle East and North Africa; and Bangladesh (4) and India (4) in South Asia.
Population Vulnerability
In an alternative approach, we compare cities by estimating the vulnerability of their populations to intensified storm surges in the 21 st century. We consider the combined effects of projected population change, sea-level rise and storm intensification on the distribution of exposures by the end of the century. We use the UN's medium population projections for 2100, as reported by IIASA (2009) , and conservatively assume that all coastal cities in each country retain their current share of the national population.
14 In addition, we assume that coastal cities' populations are uniformlydistributed across their coastal and non-coastal areas. From the work reported in Section 6.1 above, we draw the percent of coastal areas in inundation zones now, and in 2100 after a 1m sea-level rise and 10% increase in the intensity of a 1-in-100-year storm.
Combining the area and demographic information, we estimate populations in the current and future inundation zones, and the implied increase in affected population. Table 6 displays the 25 cities with the largest population exposures, expressed as changes in affected populations and cumulative percents of the total change for all cities.
The most striking feature of our results is the extreme concentration of effects in a handful of cities. Over 25% of the increase in developing-country urban population affected by future storm surges is in only three cities: 15 Manila (3.4 million), Alexandria Asia, and 1 in South America. We should emphasize that our results are not closely tied to the current distribution of coastal city populations. As Table 6 shows, many of the cities with top-25 changes in vulnerable populations are not among the world's most populous urban areas at present. Their future top-25 status stems from two factors:
future urban growth, and coastal characteristics that make them particularly vulnerable to greater storm surges.
Conclusions
In this paper, we have assessed the vulnerability of coastal areas in developing countries to larger storm surges associated with global warming and a 1m sea-level rise.
After identifying future inundation zones, we have overlaid them with indicators for coastal populations, settlements, economic activity and wetlands. Our results indicate large effects that are much more concentrated in some regions, countries and cities than others. We have also incorporated population projections for the 21 st century, and computed the exposures of coastal urban populations as conditions worsen. Our results suggest a huge asymmetry in the burden of sea-level rise and storm intensification, with inundation zones increase at least somewhat with a 1m sea-level rise and a 10% increase in storm intensity. However, the UN projects rapidly-declining fertility and significant population loss for many countries by 2100. In our methodology, their cities follow suit because we assume fixed city/country population ratios. Shanghai provides a useful illustration of these countervailing forces. Our spatial analysis indicates that Shanghai's inundation zone will increase from 15.7% of its coastal area in 2000 to 25.8% in 2100. However, the demographic projection indicates that Shanghai's coastal-zone population will decline from 13.2 million in 2000 to 7.5 million in 2100. These two factors combine to produce a small decrease between 2000 and 2100 in the population affected by severe storm-surge conditions. 15 only 3 of 577 cities accounting for 25% of the future coastal population exposure and 10 cities for 53% of the future exposure. Our results suggest that the residents of a small number of developing-country cities will bear the additional brunt of heightened storm surges, while many other coastal cities will experience little change in population exposure. In light of the huge asymmetries in our country-and city-level results, we believe that careful targeting of international assistance will be essential for the effective and equitable allocation of resources for coastal protection and disaster prevention. In addition, the large magnitudes of potential impacts on people, economies and ecosystems provide strong evidence in support of rapid action to reduce global warming by mitigating greenhouse gas emissions. 
